Context. H ii regions in galaxies are the sites of star formation and thus particular places to understand the build-up of stellar mass in the universe. The line ratios of this ionized gas are frequently used to characterize the ionization conditions. In particular the oxygen abundances are assumed to trace the chemical enrichment of galaxies. Aims. We explore here the connections between the ionization conditions and the properties of the overall underlying stellar population (ionizing or not-ionizing) in H ii regions, in order to uncover the real physical connection between them. Methods. We use the H ii regions catalogue from the CALIFA survey, the largest in existence with more than 5000 H ii regions, to explore their distribution across the classical [O iii] λ5007/Hβ vs. [N ii] λ6583/Hα diagnostic diagram, and how it depends on the oxygen abundance, ionization parameter, electron density, and dust attenuation. The location of H ii regions within this diagram is compared with predictions from photoionization models. Finally, we explore the dependence of the location within the diagnostic diagram on the properties of the host galaxies, the galactocentric distances and the properties of the underlying stellar population. Results. We found that the H ii regions with weaker ionization strengths and more metal rich are located in the bottom-right area of the diagram. On the contrary, those regions with stronger ionization strengths and more metal poor are located in the upper-left end of the diagram. Photoionization models per se do not predict these correlations between the parameters and the line ratios. The H ii regions located in earlier-type galaxies, closer to the center, and formed in older and more metal rich regions of the galaxies are located in the bottom-right area of the diagram. On the other hand, those regions located in late-type galaxies, in the outer regions of the disks, and formed on younger and more metal poor regions lie in the top-left area of the diagram. The two explored line ratios show strong correlations with the age and metallicity of the underlying stellar population. Conclusions. These results indicate that although H ii regions are short lived events, they are affected by the total underlying stellar population. One may say that H ii regions keep a memory of the stellar evolution and chemical enrichment that have left an imprint on the both the ionizing stellar population and the ionized gas.
Introduction
Classical H ii regions are large, low-density clouds of partially ionized gas in which star formation has recently taken place (<15 Myr). The short-lived blue stars forged in these regions emit large amounts of ultraviolet light that ionizes the surrounding gas. They show very different physical scales, from few parsecs, like Orion nebula (D∼8 pc), or even smaller (Anderson 2014) , to hundreds of parsecs, such as 30 Doradus (D∼200 pc), NGC 604 (D∼460 pc) or NGC 5471 (D∼1 kpc) as reported by Oey et al. (2003) and García-Benito et al. (2011) . These latter ones are the prototypes of the extragalactic giant H ii regions found frequently in the disks of spiral galaxies (e.g. Hodge & Kennicutt 1983; Dottori 1987; Dottori & Copetti 1989; Knapen 1998) , or starburst and blue compact galaxies (e.g. Kehrig et al. 2008; López-Sánchez & Esteban 2009; Cairós et al. 2012 ). Baldwin et al. (1981) first proposed the [O iii] λ5007/Hβ versus [N ii] λ6583/Hα diagnostic diagram (now known as the BPT diagram) to separate emission-line objects according to the main excitation mechanism: normal H ii regions, planetary nebulae, and objects photoionized by a harder radiation field. A hard radiation field can be produced by either a power-law continuum from an AGN, shock excitation, planetary nebulae or even post-AGB stars (e.g. Binette et al. 1994 Binette et al. , 2009 Morisset & Georgiev 2009; Flores-Fajardo et al. 2011; Kehrig et al. 2012; Singh et al. 2013; Papaderos et al. 2013 ). Veilleux & Osterbrock (1987) and Osterbrock (1989) extended and refined this classification scheme, incorporating new diagnostic diagrams. Osterbrock (1989) used theoretical photoionization models to infer the shape of the classification line between star-forming (SF) and AGN galaxies, and they added two new diagnostics diagrams that exploit the [O i]/Hβ versus [S ii]/Hα line ratios. Dopita et al. (2000) and Kewley et al. (2001) combined stellar population synthesis and photoionization models to build the first purely theoretical classification scheme for separating pure AGN from galaxies containing star formation, and Kauffmann et al. (2003) used SDSS data to observationaly constrains these classifications.
In essence, these models assume that the main factors that control the emission line spectrum are the chemical abundances of the heavy elements in the gas phase of an H ii region (oxygen being the most important), the shape of the ionizing radiation spectrum, and the geometrical distribution of gas with respect to the ionizing sources. Generally speaking, all the geometrical factors are subsumed into a single factor, the ionization parameter q (with dimensions cm s −1 ) or the (dimensionless) ionization parameter u = q/c. They also assume a priori that these parameters are independent, and thus these models are presented as grids of oxygen abundance, ionization parameter, and electron densities for a given ionizing population. Different demarcation lines have been proposed for this diagram. The most popular ones are the Kauffmann et al. (2003) and Kewley et al. (2001) curves. They are usually invoked to distinguish between star-forming regions (below the Kauffmann et al. 2013 curve) and AGNs (above the Kewley et al. 2001 curve) . The location between both curves is normally assigned to a mixture of different sources of ionization. Additional demarcation lines have been proposed for the region above the Kewley et al. (2001) curve to segregate between Seyfert and LINERs (e.g., Kewley et al. 2006; Cid Fernandes et al. 2010 ). More recently it has been explored the use of 3D diagnostic diagrams to segregate the different physical ionizaion sources in a cleaner way (e.g. Vogt et al. 2014 ).
There are well known trends of the ionization conditions across the BPT diagram. For example, as the gas-phase chemical abundances are increased, the primary effect on the H ii region is to decrease the electron temperature, since there is more cooling per photoionization. This affects the temperature sensitive line ratios such as [O iii]λ4959,λ5007/λ4363, but also many others (e.g. Marino et al. 2013) , and in particular the two line ratios used in the BPT diagram: [O iii] λ5007/Hβ versus [N ii] λ6583/Hα. Indeed, early photographic spectra revealed that, in disk galaxies, H ii regions located in the outer spiral arms displayed large [O iii] λ5007/Hβ ratios, while H ii regions located in the inner spiral arms show relatively large [N ii] λ6583/Hα ratios (e.g. Sanduleak 1969; Searle 1971) . It was soon realized that this is due to the existence of a global abundance gradient across the galaxy, connecting for the first time the location of H ii regions within the BPT diagram with the chemical evolution in disk galaxies.
Since these early studies, many others have unveiled some aspects of the complex processes at play between the chemical evolution of galaxies and the ionization conditions in H ii regions. These studies have been successful in determining important relationships, scaling laws and systematic patterns: (i) luminosity-metallicity, mass-metallicity, and surface brightness vs. metallicity relations (Lequeux et al. 1979; Skillman 1989; Vila-Costas & Edmunds 1992; Zaritsky et al. 1994; Tremonti et al. 2004 ); (ii) effective yield vs. luminosity and circular velocity relations (Garnett 2002) ; (iii) abundance gradients and the effective radius of disks (Diaz 1989) ; (iv) systematic differences in the gas-phase abundance gradients between normal and barred spirals (Zaritsky et al. 1994; Martin & Roy 1994) ; (v) characteristic vs. integrated abundances (Moustakas & Kennicutt 2006) ; (vi) galactocentric abundance gradients (e.g. Bresolin et al. 2009; Yoachim et al. 2010; Rosales-Ortega et al. 2011; Marino et al. 2012; Bresolin et al. 2012) , etc.
However, many of these studies, in particular the older ones, present evident selection effects. In most of the cases the spectroscopic surveys of H ii regions rely on previous imaging surveys using narrow-band images (e.g. Martin & Roy 1994) . Those images are then processed to provide with a catalogue of H ii regions suitable to be observed using long-slit spectroscopy. In this selection the signal-to-noise of the detected emission line in the narrow-band images plays an important role. Therefore most of these surveys are biased towards high contrast (equivalent width of emission lines) H ii regions, located in the outer disks of galaxies. They tend to be focused on late-type spirals (Sc and Sd), which offer the best constrast, due to their lower surface-brightness in the continuum. This may has biased our understanding of the properties of H ii regions, since in most of the cases the studies were restricted to regions ionized by younger and/or massive stellar clusters . Indeed, Kennicutt et al. (1989) recognized that H ii regions in the center of galaxies distinguish themselves spectroscopically from those in the disk by their stronger low-ionization forbidden emission. The nature of this difference was not clear. It may be due to contamination by an extra source of ionization, such as diffuse emission or the presence of an AGN. However, other stellar processes, such as nitrogen enhancement due to a natural aging process of H ii regions and the surrounding ISM, can produce the same effect. These early results were confirmed by Ho et al. (1997) , who demonstrated that inner star-forming regions may populate the right branch of the BPT diagram at a location above the demarcation line defined later by Kauffmann et al. (2003) .
Another bias that may be introduced by classical slitspectroscopy surveys of H ii regions is the aperture effects. As already noticed by Dopita et al. (2014) , Long-slit observations do not integrate over the whole of an H ii region, particularly in the case of observations of nearby galaxies. By picking out the brightest regions of such H ii regions, we bias the data toward the high-excitation regions and the spectrum is not representative of the whole H ii region. This is clearly illustrated when the integrated and spatial resolved properties of H ii regions are compared (e.g. Sánchez et al. 2007c; Relaño et al. 2010; Monreal-Ibero et al. 2011 ).
The advent of Multi-Object Spectrometers and Integral Field Spectroscopy (IFS) instruments with large fields of view offers us the opportunity to undertake a new generation of emissionline surveys, based on samples of hundreds of H ii regions and full two-dimensional (2D) coverage of the disks of nearby spiral galaxies (e.g. Rosales-Ortega et al. 2010; Sánchez et al. 2012a Sánchez et al. , 2014 . Large catalogs of H ii regions have been produced, with thousands of objects, over statistical samples of galaxies covering a wide range of morphological types (Sánchez et al. 2012b . These catalogs led to the discovery of a clear correlation between the oxygen abundance of individual H ii regions and the stellar mass densities of the underlying stellar population (Rosales-Ortega et al. 2012; Sánchez et al. 2013 ), a radial gradient of different ionization conditions (Sánchez et al. 2012b) , and the existence of a common abundance gradient in all diskdominated galaxies . Interestingly, these results confirmed the previous ones presented by Kennicutt et al. (1989) and Ho et al. (1997) , regarding the presence of H ii regions above the demarcation line defined by Kauffmann et al. (2003) . Those H ii regions are not restricted to the central regions and can be found at any galactocentric distance, even at more than 2 r e , which excludes/minimizes a possible contamination by a central source of ionization. A more plausible explanation is that we are observing more aged H ii regions as indicated before.
All these relations point towards a connection between the ionization conditions in H ii regions and the properties of the underlying stellar population, and therefore, the overall evolution of the host galaxies. This connection is not taken into account by photo-ionization models. Evolutionary processes of the ionizing cluster (e.g. Dopita et al. 2006a ) and/or constrainsts impossed by the evolution of the host galaxies (e.g. Dopita et al. 2006b ) are required to exaplain these relations.
In the current study we explore the distribution of H ii regions across the BPT diagram to try to understand the nature of this connection. To do so, we use the largest catalog of H ii regions with spectroscopic information currently available. This catalog was extracted from the CALIFA dataset (Sánchez et al. 2012a) , and comprises more than 5000 H ii regions . The structure of this article is as follows: Section 2 presents the sample of galaxies and H ii regions used along this study. Section 3 summarizes the analysis of the data. Section 3.1 comprises the comparison between the distribution across the BPT diagram with photo-ionization models. In Sec. 3.2 we explore how the parameters that define the ionization conditions actually change across the BPT diagram. Sections 3.3 and 3.4 explore the change in the distribution of H ii regions as a function of the morphology of the host galaxy and their galactocentric distance. Finally, Sec. 3.5 explores the dependency of the location within the BPT diagram with the properties of the underlying stellar population. Section 4 discusses the results of the analysis, and the conclusions are summarized in Sec. 5.
Sample of galaxies and dataset
The galaxies were selected from the CALIFA observed sample. Since CALIFA is an ongoing survey, whose observations are scheduled on a monthly basis (i.e., dark nights), the list of objects increases regularly. The current results are based on the 306 galaxies observed before May 2013. Their main characteristics were already described in Sánchez et al. (2014) .
The details of the survey, sample, observational strategy, and reduction are explained in Sánchez et al. (2012a) . All galaxies were observed using PMAS (Roth et al. 2005) in the PPAK configuration (Kelz et al. 2006) , covering a hexagonal field-of-view (FoV) of 74 ′′ ×64 ′′ , sufficient to map the full optical extent of the galaxies up to two to three disk effective radii. This is possible because of the diameter selection of the sample (Walcher et al., 2014) . The observing strategy guarantees complete coverage of the FoV, with a final spatial resolution of FWHM∼3 ′′ , corresponding to ∼1 kpc at the average redshift of the survey. The sampled wavelength range and spectroscopic resolution (3745-7500 Å, λ/∆λ ∼850, for the low-resolution setup) are more than sufficient to explore the most prominent ionized gas emission lines, from [O ii]λ3727 to [S ii]λ6731 at the redshift of our targets, on one hand, and to deblend and subtract the underlying stellar population, on the other (e.g., Sánchez et al. 2012a; Kehrig et al. 2012; Cid Fernandes et al. 2013 . The dataset was reduced using version 1.3c of the CALIFA pipeline, whose modifications with respect to the one presented in Sánchez et al. (2012a) are described in detail in Husemann et al. (2013) . In summary, the data fulfil the predicted quality-control requirements with a spectrophotometric accuracy that is better than 15% everywhere within the wavelength range, both absolute and relative with a depth that allows us to detect emission lines in individual H ii regions as faint as ∼10 −17 erg s −1 cm −2 , and with a signal-to-noise ratio of S/N∼3-5. For the emission lines considered in the current study, the S/N is well above this limit, and the measurement errors are negligible in most of the cases. In any case, they have been propagated and included in the final error budget.
The final product of the data reduction is a regular-grid datacube, with x and y coordinates that indicate the right ascension and declination of the target and z a common step in wavelength. The CALIFA pipeline also provides the propagated error cube, a proper mask cube of bad pixels, and a prescription of how to handle the errors when performing spatial binning (due to covariance between adjacent pixels after image reconstruction). These datacubes, together with the ancillary data described in Walcher et al. (2014) , are the basic starting points of our analysis.
H ii detection and extraction
The segregation of H ii regions and the extraction of the corresponding spectra is performed using a semi-automatic procedure named HIIexplorer 1 . The procedure is based on some basic assumptions: (a) H ii regions are peaky and isolated structures with a strong ionized gas emission, which is significantly above the stellar continuum emission and the average ionized gas emission across the galaxy. This is particularly true for Hα because (b) H ii regions have a typical physical size of about a hundred or a few hundred parsecs (e.g., González Delgado & Perez 1997; Lopez et al. 2011; Oey et al. 2003) , which corresponds to a typical projected size of a few arcsec at the distance of the galaxies. These basic assumptions are based on the fact that most of the Hα luminosity observed in spiral and irregular galaxies is a direct tracer of the ionization of the interstellar medium (ISM) by the ultraviolet (UV) radiation produced by young high-mass OB stars. Since only high-mass, short-lived stars contribute significantly to the integrated ionizing flux, this luminosity is a direct tracer of the current star-formation rate (SFR), independent of the previous star-formation history. Therefore, clumpy structures detected in the Hα intensity maps are most probably associated with classical H ii regions (i.e., those regions for which the oxygen abundances have been calibrated).
The details of HIIexplorer are given in Sánchez et al. (2012b) and Rosales-Ortega et al. (2012) . In summary we create a narrow-band image centred on the wavelength of Hα at the redshift of the object. Then we run HIIexplorer to detect and extract the spectra of each individual H ii region, adopting the parameters presented in Sánchez et al. (2014) . The algorithm starts looking for the brightest pixel in the map. Then, the code aggregates the adjacent pixels until all pixels with flux larger than 10% of the peak flux of the region and within 500 pc or 3.5 spaxels from the center have been accumulated. The distance limit take into account the typical size of H ii regions of a few hundreds of parsecs (e.g. González Delgado & Perez 1997; Lopez et al. 2011) . Then, the selected region is masked and the code keeps iterating until no peak with flux ex-ceeding the median Hα emission flux of the galaxy is left. Mast et al. (2014) studied the loss of resolution in IFS using nearby galaxies observed by PINGS (Rosales-Ortega et al. 2010 ). Some of these galaxies were simulated at higher redshifts to match the characteristics and resolution the galaxies observed by the CALIFA survey. Regarding the H ii region selection, the authors conclude that at z ∼0.02 the H ii clumps can contain on average from 1 to 6 of the H ii regions obtained from the original data at z ∼ 0.001. Another caveat is that this procedure tends to select regions with similar sizes although real H ii regions actually have different sizes. However, the actual adopted size is of the order of the FWHM of the CALIFA data for the used version of the data reduction (Husemann et al. 2013) .
Then, for each individual extracted spectrum we modelled the stellar continuum using FIT3D 2 , a fitting package described in Sánchez et al. (2006b) and Sánchez et al. (2011) . A simple SSP template grid with 12 individual populations was adopted. It comprises four stellar ages (0.09, 0.45, 1.00, and 17.78 Gyr), two young and two old ones, and three metallicities (0.0004, 0.019, and 0.03, that is, subsolar, solar, or supersolar, respectively) . The models were extracted from the SSP template library provided by the MILES project (Vazdekis et al. 2010; Falcón-Barroso et al. 2011) . The use of different stellar ages and metallicities or a larger set of templates does not qualitatively affect the derived quantities that describe the stellar populations. Indeed, we compared two of these parameters (luminosity weighted age and metallicity), derived using this simple template and the more elaborate one described in Cid Fernandes et al. ( , 2014 and we found an agreement within ∼0.25 dex in both parameters.
After subtracting the underlying stellar population, the flux intensity of the strong emission lines was extracted for each gaspure spectrum by fitting a single Gaussian model to each line, resulting in a catalog of the emission line properties (Sánchez et al. 2012b) . Finally, the H ii regions were selected from this final catalog based on the properties of the underlying stellar continuum. It was required that they present a young stellar population, com-patible with the observed equivalent width of Hα .
The final catalog comprises the strongest emission line and emission line ratios from [O ii]λ3727 to [S ii]λ6731 for 5229 H ii regions, together with their equivalent widths and the luminosity weighted ages and metallicities of the underlying stellar population. So far, this is the largest catalog of H ii regions and agregations with spectroscopic information. It is also one of the few catalogs derived for a statistically well-defined sample of galaxies representative of the entire population of galaxies in the local Universe (Walcher et al. 2014 ).
Analysis and Results
The main goal of this study is to understand how the ionization conditions in H ii regions are related to the properties of the galaxies, and if there is a connection between the ionization conditions and the overall evolution and chemical enrichment of the stellar populations.
To do so we use the catalog of emission-line fluxes and ratios, and the corresponding properties of the stellar populations of the H ii regions sample described before ). Figure 1 shows the distribution of our sample of H ii regions across the BPT diagram, compared with different photoionization models. The Kauffmann et al. (2003) and Kewley et al. (2001) demarcation lines have been included as general references. The two tophand panels include the expected location based on the MAPPINGS-III photoionization models (Allen et al. 2008) , adopting two different ionizing populations (Kewley et al. 2001) . The top left hand panel shows the grid corresponding to an instantaneous zero-age starbust model based on the PEGASE spectral energy distribution (Kewley et al. 2001; Dopita et al. 2000) . Each red solid-line corresponds to a different metallicity, which is indicated with the corresponding label (ranging from 0.2 to 2.0 solar abundances), and each blue solidline corresponds to a different ionization parameter of the radiation field (ranging from log(u)=-3.7, at the bottom, to log(u)=-2, at the top). The top right hand panel shows a similar plot; the only difference being that here we assumed a continous starburst model 4 Myr since its ignition. In all cases it is assumed an average electron density of n e =350 cm −3 . As expected, most of the H ii regions are located below the envelope defined by the instantaneous star-burst photoinization models, which was proposed by Dopita et al. (2000) as a demarcation line to define the regions that are clearly ionized by star-formation. This line is very similar those defined by Kauffmann et al. (2003) , empirical, and Stasińska et al. (2006) , theoretical. We adopted here the Kauffmann et al. (2003) one, but the use of any of the three will produce similar results. However, there is a non-negligible fraction of ∼14% of H ii regions located between this envelope and the one defined by a a model with continuous star formation, as we already noticed in Sánchez et al. (2013) and Sánchez et al. (2014) . Kewley et al. (2001) noticed that starburst galaxies are preferentially located in this region. They considered these galaxies to have experienced on-going star formation over at least several Myr, and this prolonged star-formation activity is reflected in the BPT diagrams. A similar interpretation can be applied to the H ii regions above the Dopita et al. (2000) and/or Kauffmann et al. (2003) demarcation lines. [N ii] λ6583/Hα diagnostic diagram for the ∼5000 H ii ionized regions included in our sample. The color solid-lines represent the expected line ratios derived from the MAPPINGS-III ionization models, based on an instantaneous zero-age starbust model based on the PEGASE spectral energy distribution (Kewley et al. 2001; Dopita et al. 2000) , and a fixed electron density of 350 cm −3 . Each orange-to-red solid-line corresponds to a different metallicity, which is indicated with the corresponding label and color (ranging from 0.2 to 2.0 solar metallicities), and each blue-to-cyan solid-line corresponds to a different ionization parameter of the radiation field (ranging from log(u)=-3.7, for the dark blue, to log(u)=-2, at the cyan blue). Top-right panel: Similar plot, with the only difference that now the color solid-lines represent the expected line ratios for a continuous starburst model 4 Myr since its ignition. Botton-left panel: Similar plot, with the only difference being in this case that the color solid-lines and the dotted-lines correspond to the expected line ratios for a photoionization model based on an instantaneous zero-age starburst, with a constant metallicity (indicated with a label and represented with a fixed color), but for two different electron densities (10 cm −3 , for the dotted-line, and 350cm −3 , solid one). Botton-right panel: Similar plot, with the only difference that in this case the color solid-lines and the dotted-lines correspond to the expected line ratios for a photoionization model based on an instantaneous zero-age starburst, with a constant metallicity, and a fixed electron density shown in top-left panel, but for two different dust attenuations, (no dust, for the solid-line, and A V =3 mag, for the dotted one). In all the panels, the dot-dashedand dashed-line represent, respectively, the Kauffmann et al. (2003) and Kewley et al. (2001) demarcation curves. They are usually invoked to distinguish between classical star-forming objects (below the dashed-dotted line), and AGN powered sources (above the dashed-line). Regions between both lines are considered intermediate ones.
Distribution of H ii regions across the BPT diagram
In both cases, a single burst or a continuous star formation, the distribution of H ii regions across the BPT diagram does not cover the entire parameter space forseen by the considered photoionization models. Thus, real H ii regions cover a smaller parameter space than is predicted by the models. On the other hand, there is a degeneracy in the combination of ionization conditions that predict a certain location in the diagram (abundance and ionization strength in this particular grid). Therefore, the location of a particular H ii could be explained by different ionization conditions. For example, the curve described for a fixed solar abundance present values within the BPT diagram that range from (-1,0.5), in the upper-left corner, to (-0.2,-1), in the bottom-right corner. Indeed, it describes almost an envelope of the distribution of H ii regions across the BPT diagram ( Fig. 1) . Only when fixing one of the two parameters involved in the grid it is possible to derive a trend with the other parameter across the BPT diagram. Both results have two direct consequences: (i) it is not possible to derive which ioniziation conditions are associated with a particular H ii region based only on their location in the BPT diagram, and (ii) there are ionization conditions that are discarded by nature for reasons that cannot be predicted based only on photoionization models. This result is well known, and has limited our ability to recover the ionization conditions of H ii regions for decades (e.g. Pérez-Montero 2014).
We explore how the variation of other parameters affects the line ratios predicted by photoionization models. The bottom left hand panel of Fig 1 illustrates the change in the location across the BPT diagram when different electron densities are assumed. We show the same grid of photoinization models presented in the top left hand panel, but assuming two different electron densities (n e =10 and 350 cm −3 ). In general the photoionization models predict that higher density regions of similar abundances and ionization strengths should be located at higher values of [O iii]/Hβ for very similar values of [N ii]/Hα. Therefore, the regions located at the top right envelope of the distribution should be the densest ones.
Finally, we explore the variation of the line ratios when dust attenuation is taken into account. The bottom right hand panel of Fig 1 shows the same grid of photoionization models presented in top-lefthand panel, but assuming two different dust attenuations (A V =0 and 3.5 mag). The effects of the dust attenuation over the line ratios were simulated adopting the Cardelli et al. (1989) extinction law, with a specific dust attenuation of R V = 3.1. The BPT diagram is designed to be less affected by dust attenuation than other ones frequently used (e.g. Veilleux et al. 1995) , since it involves emission lines at very similar wavelengths for each ratio. Thus, even in the case of very large dust attenuations the differences are very small. Therefore, no trend is expected with the dust attenuation in the distribution of H ii regions across the BPT diagram.
Empirical estimation of the ionization parameters
We have seen in the previous section that the location in the BPT diagram for a classical H ii region ionized by young stars of a certain age is well defined by three main parameters (a) the ionization parameter or fraction of Lyman continuum photons with respect to total amount of gas, (b) the metallicity or chemical abundance of the ionized gas, and (c) the electron density of the gas. In addition, we have seen that the location should have no dependency on the dust attenuation (for this particular diagram). However, the trends of the two first parameters across the BPT diagram are not well defined based on photoinization models. We investigate here how the oxygen abundance, ionization strength, electron density, and dust attenuation actually change across the BPT diagram, based on empirical estimations of these parameters.
The oxygen abundances were derived using the counterpartmethod described by Pilyugin et al. (2012) . This method uses the dust corrected emission line ratios of a set of strong emission lines including [O ii]/Hβ, [O iii]/Hβ, [N ii]/Hβ and [S ii]/Hβ, and compares the input values with a grid of line ratios of H ii regions with known abundances derived using the direct method (i.e., based on direct estimations of the electron temperature). This calibrator attempts to be an improvement of the previously analytical method proposed in Pilyugin et al. (2010) .
The values derived using this method were cross-checked with the ones provided using the O3N2 calibrator (Alloin et al. 1979; Pettini & Pagel 2004; Stasińska et al. 2006 
using the recently updated calibration presented by Marino et al. (2013) , that improves the abundance estimation by including many more H ii regions than previous calibrations using this parameter (e.g. Pettini & Pagel 2004) , in particular in the range of higher metallicities. The advantage of this method is that it depends on strong, well deblended emission lines, and in particular does not depend on [O ii]λ3727, a line that may be affected by vignetting (Sánchez et al. 2012a) , any inaccuracy in flux calibration in the blue-end of the covered spectral range (Husemann et al. 2013) , and uncertainties related to the derivation of the dust attenuation. The values for oxygen abundances match one another within a standard deviation of ∼0.07 dex, a value of the order of the expected errors of the individual measurements ) and the accuracy of the calibrators (Marino et al. 2013 ).
For the ionization parameter, u, we adopted two different calibrators described by Díaz et al. (2000) , based on [S ii]λ6717,31/Hβ, and [O ii]λ3727/Hβ, that require a previous knowledge of the oxygen abundance, and a third one described by Dors et al. (2011) , that depends on the
This latter one is a recalibration of the classical one proposed by Díaz et al. (2000) . We cross-checked the values obtained by the different methods, and they seem to agree within the errors, although [S ii]/Hβ yields slightly larger values than the other two. We adopted the mean value of the three as our estimation of the ionization parameter. Recent results indicate that other line ratios, like [O iii]/[S ii] can be used as good tracers of the ionization parameter . However, there is no published calibrator corresponding to this ratio to our knowledge, and therefore we could not compare the results in an independent way. As a final sanity check we cross-checked that the derived values follow the described relation between this parameter and the equivalent width of Hβ (Diaz 1989) .
The electron density, n e , was derived based on the line ratio of the [S ii] doublet (e.g., Osterbrock 1989) , by solving the equation:
where x is the density parameter, defined as x = 10 −4 n e t −1/2 and t is the electron temperature in units of 10 4 K (McCall et al. 1985) . For this calculation we assumed a typical electron temperature of T = 10 4 K, an average value corresponding to the expected conditions in H ii regions Osterbrock (1989) . This equation reflects the fact that the [S ii] doublet ratio is sensitive to changes in the electron density only for a limited range of values. For high and low values it becomes asymptotic and the actual derived value has to be treated with care, and should not be used for quantitative statements. However, the value will be still valid for the purposes of this study, allowing us to understand the global trends across the BPT diagram with the electron density.
Finally, the dust attenuation, A V , was derived based on the Hα/Hβ Balmer line ratio. The extinction law by Cardelli et al. (1989) was assumed, with a specific dust attenuation of R V = 3.1, and the theoretical value for the unobscured line ratio for In all panels, the dot-dashed and dashed lines represent, respectively, the demarcation curves described in Fig.1 , and the grey solid-lines represent the expected line ratios derived from the photoionization models shown in Fig. 1 , where each line corresponds to a different stellar metallicity (orage-to-red solid lines in Fig. 1 ).
case B recombination of Hα/Hβ = 2.86, for T e =10,000 K and n e =100 cm −3 (Osterbrock 1989) . For this study we have assumed that the intrinsic Hα/Hβ line ratio does not vary significantly, although it is known that it presents a dependence with the electron density and the temperature (e.g. Sánchez et al. 2005) .
Distribution across the BPT diagram
The top left hand panel of Fig. 2 shows the distribution of H ii regions across the BPT diagram, with a color code representing the oxygen abundance in each region. The more metal poor H ii regions are located in the upper-left corner of the diagram, and the more metal rich ones are located towards the lower-right corner. None of these trends can be explained based only in the expected values derived from photoionization models, as we have seen in the previous section. The opposite trend is found for the ionization parameter. The top left hand panel of Figure 2 , shows the same distribution with a color code representing the value of the ionization parameter in each region. There is a clear trend across the diagram. The H ii regions with the largest ionization parameter are located in the upper-left corner of the diagram, and those with the lowest values of this parameter are located towards the lower-right corner.
The bottom left hand panel of Fig. 2 shows the distribution of H ii regions across the BPT diagram with a color code representing the electron density. The denser regions are located towards the upper-right envelope of the distribution, as expected from the comparison with photoionization models, presented in the previous section. Regions with higher electron density are expected in areas of the galaxy that have suffered an over-pressure, in particular in the leading front of a density wave generated by spiral arms or towards the central regions of the galaxies. We will investigate that possibility in the next sections.
Finally, we explore the relation between the distribution of H ii regions across the BPT diagram and the amount of dust attenuation. The bottom right hand panel of Fig. 2 shows the same distribution shown in previous panels with a color code representing the dust attenuation derived from the Balmer decrement. There is a clear trend that is not taken in to account by photoionization models: by construction the location within the BPT diagram ought to be independent of dust attenuation. Regions with lower dust attenuation are located in the upper-left region of the diagram, with A V increasing towards the lower-right, and then increasing again at the upper-right end of the diagram. Indeed, the regions with the largest dust attenuation are those located in the so-called intermediate area, defined as the region between the Kauffmann et al. (2003) and Kewley et al. (2001) curves.
We should note here that the derived parameters may present cross-dependences due to the adopted formulae/calibration to derive them. We tried to minimize or quantify those possible dependences to exclude possible induced trends. For the oxygen abundance we adopted the counterpart-method since it uses all the strong emission lines in the considered wavelength range, and not only those involved in the H ii diagram (like O3N2 or N2 calibrators Marino et al. 2013) . We repeated the analysis using other abundance indicators, like R23 or N2S2, without significant differences in the described trends. The ionization parameter was derived using different calibrators, only one of them is purely empirical (the one based on the
The other two calibrators involve deprojections of photoionization models that try to remove the degenerancy in the derivation of the oxygen abundance and the ionization-parameter. We consider that this approach minimize the possible dependencies between those two parameters induced by the adopted estimators are minimized.
The derivation of the electron density is based on a formula derived from basic principles of the quantum physic (equation 2). This equation provides with an electron density that depends on the electron temperature. We have fixed this second parameter, and therefore we may have induced a possible secondary correlation with any other parameter that depends on the temperature, like the oxygen abundance or the ionization strength. However, the largest possible bias introduced by fixing the electron temperature in the derivation of n e is a of the order of a factor 2-3. This cannot explain the range of derived electron densities, of two orders of magnitudes, or their pattern along the BPT diagram.
Finally, in the derivation of the dust attenuation we assumed the a fixed value for the intrinsic Balmer line ratios: Hα/Hβ = 2.86. However, it is well known that this line ratio depends on the ionization conditions within the nebulae, and it can range between 2.7 and 3.1 for usual H ii regions (e.g. Osterbrock 1989 ). The possible effect of taking into account this detail in the derivation of the dust attenuation has been explored by previous studies and in general it has been found the differences in the derived dust attenuations is very small (e.g. Sánchez et al. 2007c) . In general the possible trends of the derived A V with the electron temperature and electron density are weaker than the observational errors of the considered line ratio, or other effects (like assuming an uncorrect dust attenuation law or a Milky-Way specific dust attenuation). In summary we consider that the described trends are genuine, and not induced by possible correlations implicit in the estimations used to derive each parameter. The contours and color show the density distribution, with the outermost contour enclosing 95% of the regions, and each consecutive one enclosing 20% fewer regions.
The described trends across the BPT diagram of the parameters that define the ionization conditions imply that there are correlations between those parameters that cannot be explained based purely on photoionization models. Fig. 3 shows the distribution of oxygen abundance along the ionization parameter. As expected, there is a clear correlation. Those regions with higher oxygen abundance have the lowest ionization strengths, and those regions with the lowest oxygen abundances have the highest ionization strengths. This is a well known relation, described for the first time by Dopita & Evans (1986) , using strong-line indicators of both parameters. More recently, Pérez-Montero (2014), explored this relation based on a collection of H ii regions with abundances derived using the direct method, ie., based on the electron tempeture, described in Marino et al. (2013) . The results of Pérez-Montero (2014) clearly show that this relation is not induced by the strong-line calibrator used to derive the abundance.
As a sanity check, we have repeated the figure using different abundance and ionization parameter estimators, and we found the same result for all of them. This trend cannot be explained based purely on photoionization models, which assume that both parameters are totally independent.
We should note here that these representations of the data are dominated by the average properties and they highlight the dominant trends. Secondary dependencies are mostly hidden or blurred when adopting this scheme, and are appreciated only when the dominant trend is removed.
Distribution by galaxy morphology
In the previous sections we have explored the distribution of the H ii regions across the BPT diagram, comparing it with the predictions by photoionization models (Sec. 3.1) and the empirical estimation of a set of parameters that defines the ionization conditions (Sec. 3.2). Now we explore the dependence of the location of H ii regions across the BPT diagram on the morphology of the host galaxy. The morphological classification was performed by eye, based on independent analysis by five members of the CALIFA collaboration, and will be described else-8 where in detail (Walcher et al. 2014) . Different tests indicate that our morphological classification is fully compatible with pre-existing ones, and the results agree with the expectations based on other photometric/morphological parameters, such as the concentration index or the Sersic index (Sersic 1968) . Figure 4 shows the distribution of H ii regions across the BPT diagram segregated based on the morphology of their host galaxies. Each panel shows the H ii regions corresponding to galaxies from earlier to later morphological types, divided in four groups with similar number of galaxies each one: (i) the top left hand panel comprises those regions found in E/S0 and Sa galaxies (we found H ii regions in only one galaxy classified as Elliptical, however, 2/3 of the classifiers selected them as S0 in Walcher et al. 2014); (ii) the top right hand panel comprises those regions found in Sb galaxies; (iii) the bottom left hand panel comprises those regions found in Sbc galaxies; and finally, (iv) the bottom right hand panel comprises those regions found in Sc/Sd and irregular galaxies.
There is a clear pattern in the distribution of H ii regions across the BPT diagram depending on the morphology of the host galaxies. Early-type galaxies have H ii regions located in the right-end of the distribution. For those galaxies the number of regions within the intermediate area is much larger (∼50% for E/S0 and Sa galaxies). Late-type galaxies have H ii regions located along the classical sequence of these regions (e.g. Osterbrock 1989), with a clear trend towards more regions in the upper-left end of the distribution the later the type of the galaxy.
A priori, we did not expect a connection between the location in the BPT diagram that is related to the ionization conditions of the nebulae, and the morphological type of the host galaxies, since H ii regions are short-lived phenomena. This result indicates that it is not possible to generate any kind of H ii region in any morphological type. I.e., there is a connection between the feasible ionization conditions in a nebulae and the morphological type of the host galaxy.
Distribution by galactocentric distance
In the previous section we explored the distribution of the H ii regions across the BPT diagram based on the morphological type of the host galaxies. We found that galaxies of different morphologies show different distributions of their star-forming regions across the BPT diagram. In this section we explore the distribution of the H ii regions based on their galactocentric distances.
To do so, we use the galactocentric distances normalized to the effective radius presented in Sánchez et al. (2013) . Those distances have been derived from the catalog of H ii regions provided by HIIexplorer (Sánchez et al. 2012b) , corrected for the estimated inclination of the galaxy, and normalized to the disk effective radius (see Appendix of Sánchez et al. 2013) . Figure 5 shows the distribution of H ii regions across the BPT diagram segregated based on their galactocentric distances. Each panel shows the H ii regions corresponding to galaxies from smaller to larger galactocentric distances, divided in to four groups with similar number of regions each one: (i) the top left hand panel comprises those regions at R/R e <0.5; (ii) the top right hand panel comprises those regions found between 0.5< R/R e <1 ; (iii) the bottom left hand panel comprises those regions found between 1< R/R e <2; and finally, (iv) the bottom right hand panel comprises those regions found at distance larger than R/R e >2.
There is a trend similar to the one described for the morphological type. The H ii regions in the central areas of the galaxies are more frequently located in the right-end of the distribution, with a larger fraction of them within the intermediate region. On the other hand, the H ii regions in the outer regions follows a distribution more consistent with the classical trend (e.g. Osterbrock 1989 ). This is somewhat expected, since classical H ii regions were observed in the disk of late-type spiral galaxies (e.g. Diaz 1989 ). However, as indicated before, Kennicutt et al. (1989) and Ho et al. (1997) recognized that H ii regions in the center of galaxies distinguish themselves spectroscopically from those in the disk by their stronger low-ionization forbidden emission lines. Initially it was thought that this may be due to contamination by an extra source of ionization, such as diffuse emission or the presence of an AGN. However, Sánchez et al. (2014) found that these regions are located across the entire optical extension of the galaxies, and most probably they are the consequence of a nitrogen enhancement due to a natural aging process of H ii regions and the surrounding ISM.
Distribution by the properties of the underlying stellar population
In the two previous sections we explored the distribution of the H ii regions across the BPT diagram based on the morphology of the host galaxy and the galactocentric distance of the considered region. We found that regions located in the central areas of galaxies, and in earlier type galaxies are located in right/lower-right side of the distribution, while those regions located at larger galactocentric distances and in latter type galaxies are more frequently located towards the upper-left side of the distribution. Since the stellar population of the center of disk galaxies present similarities with that of early type galaxies (e.g. González Delgado et al. 2014b ), the described trends may indicate a connection between the location with the BPT diagram and the properties of the underlying stellar population. We derive the luminosity weighted ages and metallicities of the underlying stellar population for each H ii region, adopting the results from the analysis described in Sánchez et al. (2013) and Sánchez et al. (2014) , summarized before.
The left hand panel of Figure 6 shows the distribution of H ii regions across the BPT diagram with a color code representing the age of the underlying stellar population. Those regions with older underlying stellar population are located in the right/lower-right end of the distribution, while those with younger underlying stellar populations are located in the upperleft side one. We should note here that we are not talking about the age of the ionizing population, the derivation of which would require a more detailed analysis (e.g. Miralles-Caballero et al. 2014) , but the complete stellar population of each H ii region.
The right hand panel of Fig. 6 shows the distribution of H ii regions across the BPT diagram with a color code representing the metallicity of the underlying stellar population, in units of [Z/H] (=log(Z/Z ⊙ ), where Z ⊙ =0.02). Those regions with metal rich underlying stellar populations are located in the right/lower-right end of the distribution, while the metal poor ones are in the upper-left side one. Despite the larger scatter this trend is very similar to the one presented in Fig. 2 for the oxygen abundance, indicating a correspondence between the oxygen abundance and the stellar metallicity of the underlying population. This correspondence has been recently described by González Delgado et al. (2014a) and Sanchez-Blazquez et al. (2014) , in two independent analyses of the same data. In all panels, the dot-dashed and dashed lines represent, respectively, the demarcation curves described in Fig.1 We should remind again that these representations of the data are dominated by the average properties and they highlight the dominant trends. For example, the left-to-right gradient of the age appreciated in the left hand panel of Figure 6 should not be interpreted as a lack of dependence of [O iii] with this parameter. The correct interpretation is that the dependence of [N ii] with the age is much stronger, as we will see in the next section.
Correlations with the properties of the underlying stellar population
The trends described in the previous section across the BPT diagram with the properties of the underlying stellar population point towards some kind of relationship between them and the line ratios shown in the diagram. We explored these relations in the current section.
The left hand panel of Fig. 7 shows the distribution of the [N ii]/Hα line ratio along the luminosity weighted age of the underlying stellar population for the H ii regions shown in the previous figures, with the stellar metallicity represented with a color code. There is a clear correlation between both parameters, with a correlation coefficient of r = 0.58. This correlation depends on the abundance, being stronger for the higher metallicities (r = 0.70 for the super-solar metallicities). In general, the older and more metal rich the underlying stellar population, the higher the value of the [N ii]/Hα line ratio.
In order to illustrate more clearly the described correlation we have split the data into bins of increasing metallicity, with a width of 0.1 dex in [Z/H] for each one, and derived the mean value of the line ratio for different ages, separated by 0.25 dex in the logarithm of the age. The result is shown in Fig. 7 , where the distribution of the mean line ratios (coloured circles) as a function of the ages for each stellar metallicity are presented. In all panels, the dot-dashed and dashed-lines represent, respectively, the demarcation curves described in Fig.1 The described depedence of the line ratio on both parameters is clearly seen. Thus, to first order the [N ii]/Hα line ratio could be described as a linear combination of both the luminosity weighted ages and metallicities of the underlying stellar population, for which the best fitting linear regression is
After correcting for this dependency, the standard deviation of the line ratio is reduced by ∼70%. Indeed, the dispersion around the best fitted surface of ∼0.14 dex is similar to the mean error of the considered line ratio ∼0.13 dex, compared with the initial dispersion (∼0.20 dex). This indicates that the underlying stellar population dominates the definition of the [N ii]/Hα line ratio, and any other physical conditions of the nebulae seem to have little effect on it.
The right hand panel of Figure 7 shows the distribution of the [O iii]/Hβ line ratio along the luminosity weighted age of the underlying stellar population in our H ii region sample, with the stellar metallicity represented with a color code. The correlation between both parameters is weaker than the one found for [N ii]/Hα, with a correlation coefficient of r = 0.42. As in the previous case, there is a dependency of this correlation with the abundance, being stronger for the higher metallicities (r = 0.60 for the super-solar metallicities). The double dependence is more evident when it is applied using the binning procedure for metallicity ranges and ages described before for [N ii]/Hα (solid circles and lines in Fig. 7) .
In general, the younger and more metal poor the underlying stellar population, the higher the value of the [O iii]/Hβ line ratio (contrary to the expected for the ionizing stellar population). Fig. 1 , where each line corresponds to a different stellar metallicity (oragen-to-red solid lines in Fig. 1 ). In both panels, the dot-dashed and dashed line represent, respectively, the demarcation curves described in Fig.1 The best fitting linear regression between this line ratio and the properties of the underlying stellar population is described by the formula
After correcting for this dependency the standard deviation of the distribution of [O iii]/Hβ decreases only by ∼55%. For this line ratio the dispersion around the best fitted surface (∼0.25 dex) is considerably larger than the mean error of the considered line ratio (∼0.13 dex). In contrast with [N ii]/Hα, it seems that the value of [O iii]/Hβ does not depend only on the underlying stellar population. Rather, it seems to be sensitive to additional physical conditions in the nebulae, such as the age of the ionizing population, the electron density, the mass of the ionizing cluster, and the geometry of the ionized gas (e.g. Garcia-Vargas et al. 1995a) .
We repeated all the analysis using the luminosity weighted ages and metallicities derived using STARLIGHT, as described in González Delgado et al. (2014b) for the galaxies in common (∼60% of the sample). These values are derived from a more detailed analysis of the underlying stellar population, using a larger and more suitable SSP library. We derive very similar results. The trend with the age of the underlying stellar population is exactly the same, while the trend with metallicity seems to be slighly weaker. However, this later result seems to be the effect of the smaller statiscal number of points rather than a real difference.
Discussion
So far explored the distribution of H ii regions across the BPT diagram based on (i) the expected distributions derived from photoionization models, (ii) an estimated set of parameters defining the ionization conditions, (iii) the morphology of the host galaxies, (iv) the galactocentric distances of the H ii regions, and (v) the main properties of the underlying stellar population. We found that the location of an H ii region is not uniquely defined by a single set of parameters for any set of photoionization models. I.e., their location in the BPT diagram could be reproduced by the models using different ionization conditions, with a clear degenerancy between the ionization parameter, log(u) and the oxygen abundance. On the other hand, not all the possible locations predicted by photoionization models are covered by the observed H ii regions (i.e., there are plausible combinations of physical parameters in H ii regions which can be empirically excluded on the basis of the derived BPT diagrams). In summary, from all the feasible hyper-space of line ratios predicted by photoionization models, real H ii regions cover a reduced region in this space, which is not predicted by the models.
Indeed, this result is not new. Other authors have previously noticed that from all the line ratios predicted by photoionization models, observed H ii regions cover only a particular set of them (e.g. Dopita et al. 2000; Kewley et al. 2001 ). However, our larger statistical sample ensures that we can cover a much wider range of ionization conditions, and the results still holds. Thus, there are ionization conditions described by photoionization models that are not found in real H ii regions. This basically means that the observed H ii regions are restricted to a particular set of parameters among those ones explored by photoionization models.
Furthermore, H ii regions do not only cover a particular region in the hyper-space of possible ionization conditions. We found that there are clear trends across the BPT diagram depending on the parameters defining the ionization. H ii regions in the upper-left side of the diagram are more metal poor, with higher ionization strengths, and less dust attenuation that those regions in the right/lower-right end of the diagram. Again, we are not the first to notice this effect. Classical studies already found similar trends for more reduced number of regions and/or a fewer number of galaxies Evans & Dopita (1985) ; Dopita & Evans (1986) . More recently, (e.g. Bresolin et al. 2012) described the same trend with the ionization parameter across the BPT diagram, for their sample of H ii regions. Indeed, these trends are behind some of the well-known empirical calibrators between the oxygen abundance and the strong-line ratios, like O3N2 (Alloin et al. 1979; Pettini & Pagel 2004; Stasińska et al. 2006; Marino et al. 2013 ) or N2 (Pettini & Pagel 2004 Marino et al. 2013) . Dopita & Evans (1986) already found that all the abundance calibrators based on strong line indicators break the degenerancy between the ionization parameter and the abundance existing in photoionization models based on the existence of an empirical correlation between both parameters. Indeed, Pérez-Montero (2014) have recently demonstrated that in the absence of this relation it is not possible to derive a sensitive abundance based on any combination of strong emission line ratios, even for the largest dataset of H ii regions with direct abundance estimations. The correlation describred by Pérez-Montero (2014) is very similar to the one presented in Fig. 3 .
Several explanations have been proposed for the relation between the oxygen abundance and the ionization parameter: (i) a correlation between the IMF and the metallicity, and/or the ionization parameter (Dopita et al. 2006b ) (ii) the correlation is the result of the dust absorption, and (iii) there are environmental effects which change the geometry of the H ii regions at higher metallicities. The first possibility was discussed by Evans & Dopita (1985) , without deriving a conclusive result. The latter two were discussed by Dopita & Evans (1986) , who considered that the dust extinction required to produce the observed correlation should be larger than the observed one. Finally, they considered that the third may be possible if the correlation is related to a radial gradient in the density of the H ii regions, with inner regions being more dense. However, as we have show in Fig. 2 and Fig. 5 the electron density does not seem to present an obvious radial distribution and it does not present a clear correlation with the other two parameters.
A possible alternative explanation to this relation could be that for a given age, the ionizing stellar population becomes redder for higher metallicities. First, as the metallicity of the stars increases, so does the envelope opacity, causing a drop in their effective temperatures and a shift of flux towards redder wavelengths (e.g. Pagel & Edmunds 1981) . Second, the ultraviolet emission is strongly influenced by metal line blanketing in the stellar atmospheres (e.g. Lanz & Hubeny 2003) . Its effect is not as straight-forward to understand as the one of the opacity. Mokiem et al. (2004) found that the total number of Lyman continuum photons emitted is almost independent of line blanketing effects and metallicity for a given effective temperature. This is because the flux that is blocked by the forest of metal lines at wavelengths shorter than 600 Angstrom is redistributed mainly within the Lyman continuum. However, they also found that blanketing produces a significant decrease in the effective temperature, as previously reported by Martins et al. (2002) . Thus the net effect is a decrease of the Lyman photons with the metallicity (e.g. Lanz & Hubeny 2003) .
Indeed, evolutionary models for giant H ii regions describe a decrease of the ionization parameter with the metallicity for a given age and mass of the ionizing cluster qualitatively similar to the one described here (Garcia-Vargas et al. 1995a,b) . The detailed dependency between both parameters is different for each age and mass of the ionizing cluster, as can be derived from the trends between emission lines shown in Martín-Manjón et al. (2010) , and therefore a considerable scatter is expected in the described relation (as observed in Fig. 3) .
Finally, the correlation may be induced by a totally different mechanism. (Dopita et al. 2006a) proposed a scenario in which the expansion and internal pressure of the ionized cloud is driven by the net input of mechanical energy from the central cluster (due to winds of supernove events). Those models explain naturally the anticorrelation of ionization parameter with the oxygen abundance: (i) The stellar wind has a higher opacity for more metal rich clouds, and therefore absorbs a greater fraction of the ionizing photons, reducing log(u) in the surrounding H ii region; (ii) the atmosphere scatters the photons emitted from the photosphere more efficiently when the atmospheric abundances are higher, leading to a greater conversion efficiency from luminous energy flux to mechanical energy flux in the stellar wind base region. This also leads to a diminution of log(u) in the surrounding H ii region.
The distribution shown in Fig. 4 is connected to the one shown in Fig. 2 , upper left hand panel, via the M-Z relation (Tremonti et al. 2004; Sánchez et al. 2013 ). Early-type galaxies are, in general, more massive, and therefore more metal rich than late-type ones. Therefore their H ii regions are located towards the right/lower-right end of the distribution. On the other hand, the H ii regions of latter-type galaxies, more metal poor, are located towards the left/upper-left side. The distribution shown in Fig. 5 can be explained based on the well known inverse galactocentric abundance gradient, that seems to be present in all galaxy types (e.g. Sánchez et al. 2012b Sánchez et al. , 2014 , and references therein).
Indeed, both distributions can be also explained based on Σ-Z relation (Rosales-Ortega et al. 2012; Sánchez et al. 2013) , since the central regions of galaxies present higher stellar mass densities and therefore larger oxygen abundances. Thus, the location of H ii regions within the BPT diagram changes with the morphology and the galactocentric distance due to the described trend between this location and the oxygen abundance.
The trend found with the dust attenuation was not a consequence of the dependence of the line ratios with dust attenuation, and it was not predicted by the adopted photoionization models. By construction the location within the BPT diagram should be indepedent of this parameter (Fig. 2 , bottom right hand panel). Based on the previous results this trend indicates that there should be an inverse gradient of the dust attenuation with the galactocentric distance and a relation with the stellar mass density, similar to the ones described for the oxygen abundance. To our knowledge these trends have not been reported. In Sánchez et al. (2012b) we found only a very weak inverse galactocentric gradient of the dust attenuation for a reduced sample of face-on spiral galaxies. However, that sample was dominated by Sc/Sd galaxies, which may have affected the results. Similar results for individual objects were presented by López- Sánchez et al. (2004) , López-Sánchez et al. (2006) and Monreal-Ibero et al. (2010) . A possible explanation to this trend could arise from the known relation between the stellar dust attenuation and the H i gas surface density (Bohlin et al. 1978 ). Since gas and stellar attenuations present a tight relation (e.g. Calzetti et al. 1994; Calzetti 2001) , there should a correlation between the dust attenuation in the gas and the gas mass density, as recently highlighted by Brinchmann et al. (2013a) . Since the gas surface density increases towards the center of spiral galaxies (e.g. Young & Scoville 1991) , it is expected that there will be a corresponding increase of A V , gas in the inner regions. On the other hand, this trend could be a consequence of the relation between metals and the dust grains, and therefore, with dust attenuation. Due to this relation the dust-to-gas ratio increases with metallicity, as nicely summarized by Brinchmann et al. (2013b) . Indeed, for the Milky Way is ∼3 times larger than for the Large Magellanic Cloud and ∼1.5 times larger than for the Small Magellanic Cloud, as direct consequence of the differences in metallicity between these three galaxies (e.g Bohlin et al. 1978; Fitzpatrick 1986; Rodrigues et al. 1997) . In this case the galactocentric decrease of the abundance may induce a similar gradient for the dust attenuation.
Finally, the trend described for the electron density seems to be explained naturally by photoionization models (Fig. 2 , bottom left hand panel). Indeed, Kewley et al. (2013) has nicely illustrated the effect recently (e.g., their Fig. 2 ). Electron density is a proxy of the ionized gas density, which is susceptible to modifications due to different dynamical mechanisms that modified the pressure. In an isobaric density distribution, the density is defined in terms of the ratio of the mean ISM pressure, P, and the mean electron temperature, T e , through n e = P/T e k. For the typical electron temperature of ionized gas the density is simply determined by the ISM pressure ). Some authors have described a radial trend of the electron density in spiral galaxies (e.g. Gutiérrez & Beckman 2010; Beckman et al. 2013) , although it has not been tested in a statistically significant large sample of galaxies. It is also expected that the electron density increases in the wave front of spiral arms (e.g. Gutiérrez & Beckman 2010) , and due to external effects, like galaxy interaction (e.g. Krabbe et al. 2014) . Highly active star-forming galaxies, like ULIRGs, and high redshift ones, both with dense ionized gas are known to be located in the upper-end of the classical location for H ii regions (e.g., Brinchmann et al. 2008; Lehnert et al. 2009; Yuan et al. 2010; Dopita et al. 2014) , in agreement with our result. Finally, the electron density could evolve with the age of the ionizing cluster, if we assume that H ii region is evolving as a mass-loss bubble pressurized by the combined ram pressure of the stellar wind and supernova explosions , as decribed before. In this scenario the density and the radius of the H ii regions are closely coupled, and both of them would depend on the age of the ionizing cluster. Under this assumptions we expect a variation of the electron density across the optical extension of the galaxies.
All these results indicate that the location within the BPT diagram is tightly related to properties of the underlying stellar population. Indeed, Fig. 7 , shows that both line ratios involved in the BPT diagram present clear correlations with the age and metallicity of the stellar populations. In particular, the [N ii] λ6583/Hα value is totally defined by both parameters within the errors. This is somewhat expected since this line ratio is a proxy of the oxygen abundance (e.g. Marino et al. 2013) . Since the gas is polluted by the last population of stars, and assuming that the radial mixing is not too strong − which can be assumed based on the results by Sánchez et al. (2014) and Sanchez-Blazquez et al. (2014) −, the oxygen abundance has to be correlated with the metallicity of the younger population of stars. Indeed, the gas abundance should be the envelope of the distribution of metallicities within the underlying stellar population (as recently found by González- Delgado et al., 2014b) . Therefore, a correlation between the abundance and the metallicity is expected for two reasons: both the ionizing stars, the youngest ones, should be more metal rich, and the ionized gas should be polluted by the last generation of metal rich stars.
The correlation with the age is a consequence of the chemical enrichment in galaxies. We know that disk-dominated galaxies grow inside out, with the older and more metal rich stellar populations living in the central regions, where the stellar mass density is larger (e.g. Pérez et al. 2013; González Delgado et al. 2014b; Sanchez-Blazquez et al. 2014) . Therefore, a correlation between the oxygen abundance of the H ii regions and the age of the underlying stellar population is expected, and therefore between this latter parameter and [N ii] λ6583/Hα.
Finally, for [O iii] λ5007/Hβ, it is also expected that the correlation is weaker. On one hand this line ratio is less sensitive to the metallicity. The excitation of O ++ requires a much higher energy than that of N + , and therefore is more sensitive to variations in the geometry of the nebulae, the gas density, and the properties of the ionizing population. Although this also has an imprint of the local chemical evolution of the galaxy, due to its metal content, its evolution affects this line ratio more than the former one. Therefore, the location within the BPT diagram is largely explained by the chemical enrichment and star-formation history, but not totally.
Throughout this article we have explored the dependence of the location of H ii regions within the BPT diagram with the properties of the underlying stellar population. We selected the BPT diagram as the archetype of the diagnostics diagrams, on one hand, and because the line ratios involved are less sensitive to dust attenuation. However, the main results described in this article would be similar if other diagnostic diagrams are used. In Appendix A, we illustrate how the distribution of H ii regions across other broadly used diagnostic diagrams depends on the properties of the underlying stellar population. We prefer not to present them in the main text for clarity.
Summary and Conclusions
In this study we have presented the distribution across the BPT diagram for the largest catalog of H ii regions with spectroscopic information currently available . We compared their location in this diagram to that predicted by photo-ionization models, finding that (i) H ii regions do not cover the entire range of parameters predicted by these models, and (ii) the same location within the diagram can be reproduced by several combinations of ionization parameters and photo-ionization models, in many cases.
We have shown that these parameters (ionization parameter, oxygen abundance, electron density and dust attenuation) follow well defined trends across the BPT diagram. Only the trend described for the electron density can be explained directly by photo-ionization models. The remaining trends must have a different origin. Indeed, there is clear correlation between the ionization parameter and the oxygen abundance that cannot be explained based on photoinization models. Different explanations for this correlation, extracted from the literature, have been discussed. We propose an alternative one, in which the relation is a consequence of the increase of the metal line blanketing and the envelope opacity of the ionizing stars with the metallicity.
We found that the location of H ii regions within the BPT diagram depends to first order on the morphology of the host galaxy, the galactocentric distance, and ultimately, the properties of the underlying stellar population (age and metallicity). The reason for these empirical trends are related to the chemical evolution in galaxies. Oxygen abundance is a tracer of stellar metallicity, and therefore a by-product of the star-formation history and metal enrichment. Due to this, the metal sensitive line ratios are tighly correlated with the properties of the underlying stellar population (i.e., the products of the SFH). Finally, due to the correlation between the oxygen abundance and the ionizing parameter, those line ratios more sensitive to this latter physical quantity depend on the properties of the underlying stellar population too.
Despite the fact that H ii regions are short lived phenomena, their ionization conditions seem to be tightly related to the properties of the underlying stellar population: i.e., they keep a memory of the local star-formation history and metal enrichment at the location where they are formed. . Each of these line ratios are more sensitive to different properties of the ionized gas and the ionizing sources. It is beyond the scope of this study to describe in detail the particular dependencies of each one, which have been widely described in the literature (e.g. Veilleux & Osterbrock 1987; Dopita & Sutherland 1995; Cid Fernandes et al. 2010 ). However, regardless of which physical properties are more sensible, Fig. A.1 shows that it is possible to identify trends with the luminosity weighted age of the underlying stellar population in the four diagrams. In some cases the trend is stronger for one of the explored line ratios: e.g., in the In summary, we have shown that the main conclusion of the current study, i.e., that there is a tight relation between the properties of the H ii regions and those of the underlying stellar population, is independent of the diagnostic diagram selected to explore this depedence. 
